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A b s t r a c t

l{ccc]lt illlJ,rovc]l]c][tsill  co]aj,otaiiollal ca~,ability and l)SN tccl\]lology llavclcl,  c\vccli]]tcrcst  ill exalllillirlg
the ])ossil)ilit.v of usi]lg rrac-way lk)l)},lcr clata alollc to IIavigatc  iat.erplallctar.v  s]]acccraft,  ‘J’lIc one-way d a t a
c a n  I)c foralulatcd as tllc  standard {Iiffrrc]lcccl-col]]lt l)o])]~lcr OI as p}lasc II ICa*LII(IIICIItS,  and tl(c data call l>c
rcccivcd at a sillglr  statiml or diffcre]lcd ifol)taincd silnultancollsly  at two stations. A covaria]lcc  aaalysis  is
performed which analyzes tlIe accaracy obtainab]c  t)y Co]ill)i]lalio]ls ofo]lc-way  l)o],!,lcr  data arid conl],arrd
with silllilrir results using stalidarcl  two-way l)opp]cr  and rallgc ‘Jlcsam],lr iulcrl,lanciary trajectory ad
was that of the Mars ])athfiadcr ]I]issioll to Mars. It is SIIOWU  that ctif[crc]lcml one-way data is ca])at.k of
detcri])i]lillg  thcallgular ])ositio]i of tllcsl)acccraft to failly  high accuracy,  but Itasrclativcly ]wor  Scn<itivjty to
lllera]lgc. l~lic]lcoll]l,illccl  witllsirlglcs tatio]ld ata, tllcl)osiiiorl dispcrsioas  alclougllly  anorrlcro’mi  itacte

Hl a r g e r  ii, rallgc  al)cl comparal)le  ii, ar,.galar ]wsilio]i a< ccr]]]]>arccl toclisl)trsiol{s  ol)taiacd  w i t h  stau arc’clata
two-way tyIms. It was also foan(f that the phase forrllu]atiorl  is less scmsitiv( to data weight variations aad
data coverage than tllc  [Ii fl’crc]lcccl-coll  rtt l)o])])lcr forl]lolatioll

I Introduction

M’itlt  illcrcasit]g c]l)])llasis  olI colltrollirt!, tfIe  costs o f  dccl)  sl)acc rnissio~ls,
w h i c h  dccwasc tlIc  costs of tllc s])acccraf(,  i tself .  OIIC sIIch c)l)tioll is to fly

stvmal ol)ticrlls  arc L]cillg cxal}liliccl
sljacccraft, ill a llorl-c.ollcrc~lt  rllodc,

tllatis,tl )cs]~tlcccraft clc)csrlotc arryatrallsJ)olldcr  caI)al)lc oicol,crc]ltlyr  ~tl;rliirlgac arricrsig[lal. IIistorically,
ollc-way lkq)]~ler  data lIave  IIot, ]WCII used as tfIc scrlc data tylw dac to t,l]c iilsttl}~ility  of s])aceborllc o s c i l l a t o r s ,

tllc usc of S-l~a)ld frequcllc.its, and the corrcsl)ondirlg error sou]ccs w h i c h  c o u l d  IIOtl be adcquatc]y ]IIodcllcd.
licJ\vc:\’cr, \\itlltll  ca(lvclJtoflli  gll-sl,ec(l workstaiiollswld IIlc)rcsc)))llisticaiccl  r,]()(lcllitlg  al~ility,  tltc~)c)ssit)ilityof
Usillgo]lc-way lk)]~~)lc.r is being rc-cxalnil~cd. ‘J’llis ])aI)cr  assesses ihc ]Iavig;atioll  ]Jcrforrllzrlicc  of various one-way
l)o])l)lcr d a t a  tyl)cs f o r  use  ill inter~)lanetary  n~issiolls. A s  a  rc]~rcscntativc illtcrj)la]lctary rr]ission,  tlIC M a r s
l’atflfi]ldcr  sl)acecraft lnodcl  and t r a j e c t o r y  Were usccl to ])crforitl the  analys is .  (;oln])arisoIls  arc given  lJctwccII
rmu]ts Cll)l)loyillg  lh])l)]cr d a t a  forlllulated a s  standard cliffcrcl~{cd-collllt  l)o])]~lcr  (wllicl)  yields a  frcqucl)cy
lncasurcjtlc]lt) as well as ac.cu)tlulat,cd  carrier pllasc (wllicl]  yicldsa distance )~)casurclllcl)t,,  usually given  ill t,crItis
o f  cyclrs). (;c)llll)irlatic)l]sc)f  ollc-way d a t a  ot)taillcd sin~ul~allcous]y  at two diff’crcl)t statiorts and the]]  difrcrcliccd
(to ]Jrodacc all allgu]ar ty])c  IIlcasarclncllt) arid  sillglc station OIIC way data arc SIIOWII to l~roducc  resul ts  whi t . ] ,
lniry satisfy futarc ]]lissio]l  rcqaircrlle])ts.

II Spacecraft Trajectory

III order to }wrforl]l  tlIe a n a l y s i s , a re])rcsmltativc iilter]~la~lctary  t r a j e c t o r y  was IIccdcd.  ‘1’IIc OIIC u s e d  ill t,]lis
study is t,]ic Mars  ]Jatllfiljdcr  cruise fro]]) II;art, h to h!ars. ‘1’IIc s])acccraf( is il~jccted  ilito its tra~ls-hlars trajectory

0 1 1  January 3, 1997, a]ld  rcacllcs hflars  orl July 4, 1997.  A  sc.hml, at,ic o f  this trajcctc)ry is showr]  ill ligurc 1 .
I I I  ]ICIWCCII, lllcrc arc  four  ‘J}ajcctory  Corrcctio)l  M a n e u v e r s  (’J’( Ms) (C)II l’cbr(lary 2, Nfarc}l 3, M a y  5 ,  and
JUIIC 24), with lncall II)agllitrldcs c)f 22.1,  1.4, 0.2, and 0.1 111/s, Jcspcctivcly. ‘J’IIc first two arc  to rclllovc arl

il]jcctiol) targeting I)ias  wliicli  tlIc itlitial illtcr})lallctary trajcctcmy contains i)] ordc~ to satisfy })larlctary cluarant,il)c
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Nfarsl’atl)fit) clcr ‘1’rajcc.tr)ry
(l)rovidcd by 1’. II. Kallc]l)cyll, hlars l’atl[filldcr N a v i g a t i o n )

rcquirelllmlts. ‘1’1112 fitlal  two arc  USCCI  10 ~Jrcc.iscly target  tlIc  s])acmr aft for its fiII;il apl)roacll and clltry i]lto tlIc
hlartiallat.ti)osI)llcrc.  Sillccl'atllfillclcrg  ocsclircctlyfr c)lllit sill tcr])laIlct,ary trajcttory tclatl[losr)l]cricc  ~ltry,tlic
ail Il])oillto ftlletargctillg l]lallc~lvcrsisc  llc)scIl SUCII  i,llat t, flccl]t,ry flight ~Jat411  ang,lcislwtwcca 14.5° and 16.5°1.
‘1’tlis corrcwlmlds  {O an cll(ry c o r r i d o r  ill tlIc 11-]) laIIc  of al)out 50 kln  wide ill tlIc  c r o s s - t r a c k  d i r e c t i o n .  ‘1’IIc
dow]ltrack aIId IIorlllal dircc.tion  const,rai]lt,s  a r c  CIIOSCII  tc] cllsure that tllc sl~acccraft,  rcacllcs tlIc  landiug s i t e
wit]]  a 99% ])rol)ability  of I)cing  witllill  a 200 krll dowlltrack  l)y 1O(I kln  crosstrack cllirx+c].

111 Dqq)lcr Measurement Modd

}VIICVI  ol)eratillg ill o~lc-way  rIIc)dc, tllc I)SN  IIleasurcs tllc I)o])l)IcI  frcquclicy of  tlIc  c a r r i e r  signal rcc.civcd  fro]o
a sl~ac.ccraft  l)y colil])arillg it wi th  a  rcfcrcncc frcquc]lcy gcllcratxd  by a local  o s c i l l a t o r .  ‘I’l Ic t w o  sigtlals  a r c

diffcmlccd,  and a counter ll)casurcs tllc accultlulatcd l)lIase  of tfIc r(:sultan(  signal (wcr  set ~)criods  of tiInc, called
tllc count  tillle. ‘]’]Ic total l)hasc c]lallgc  over  the  count tilllc, d i v i d e d  by t}lc coutlt Lilr[c, })roduccs  a Iilcasurc o f
tllc ll)~)l)lcr shi f t  of tlIc illc.olllil)g  sig)lal, wit]]  wllic.11  tlIe  rallgc ro te  of  !IIC sl)acccraft call  bc i n f e r r e d .  ‘Jlis is
referred to as (liflcrc]lcccl-co~lllt  lb])])lcr, the standard li)casurcl)lcllt  used for all dcc~) sl)acc njissio]ls tlIus far. If
instead, the original ])llasc  data tliclilsclvcs  arc used, a ]~lcasurc  of lhc chaltgc ill tllc rallgc of tllc spacccr-af~  over
tllc Imlgttl  of tllc lmss  is ohtail)cd, witf)  tllc initial ra)lgc at the stat L of tlIc j)ass t,cillg arl ultktlown. Al though  ill
principle tliis a fairly ]jowcrful  dala t,ypc,  il has not bccli  used in tlIr ]Iast duc to ol)crational problclm  associated
witfl  cycle sli]m, wllcrcby tllc rcc.civcr  ]llolllc~ltarily 10SCS lock with the iltc.oIllitlg  signal.  Advallc.cs  ill technology
o v e r  tllc years, llowcvcr, Ilavc  IIiadc cycle sli]m Icss frcqucllt,,  and tflus tllcrc is rcIlcwcd  illtcrcst ill cxa]lli]ling  tllc
~)ossil)ilit,y of usirtg  tllc ])llas~ IIlcasurcll)cllt  dircct]y as a (Iata ty~)c

‘1’IIc four data ty])cs i)tvcstigat,cd  ill this study were ollc-way lh)})])lcr,
plIasc, aIId oIIc-way  diffcrcvlccd  ])llasc. III order to ol)taill a qualitative
—- ..— —. ..— —

11’. }1. l{allcIIIcyII,  hfars I’atl Ifi IIdcr Navigatio]l  I’la)l, J}’],-]) 1]34!),  Ju]y, 1:194

oIIc-way  difl’crc]lccd  l)ol)~)lcr,  ollc-way
utldcrsl.  alldirlg of wlIat illforlllatio]l is
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avail aljlc will]  LIICSC d a t a ,  soluc simple cquatiolls w i l l  be ]~rcsclltld. NcglcctiIl~ error sources and relativistic

cflccts for  ilIc lumncnt,  me-way  l)o])])lcr data is ap])rcmilllately  JJloportiolial  to tlIc tol)occ~ltric ran.ge-ratlc  c]f a
s])acccraft:

f = jJ’(iJ/~) (1)

Wllfm

~ : tlIc  olmrvccl  ])opplcr s h i f t  o f  tlIc c a r r i e r  si~,ua]

~, : tllc c a r r i e r  f r e q u e n c y  t  ralls]llitt cd by tllc s}~actcratl

i’ t h e  st,atiomspacccraft rallgc rat{,,  aud

c :: (Illc SJ)CCd o f  l i g h t .

IIaluilto]l and hlcll)ourtlc [1] d e r i v e d  a  sim])lc aI)])rc)xill~aticjlI for the to])oc.clitric  rallgc rate sccu  at a trackilig
station ill tcr)ns of tlIc cyliudriml  coordinates of the station aud t lIC gcoccllt ric raugc rate, right asccusiou,  and
dcclillatioll of tlIc sl~acccraft:

wllm-c

+= tlIc gcoc.cutric  rallgcratcc )ftllcs])a~ccraft

11, h ~ the gcocclltric.r  iglltasc.cllsi{)ll a u d  (Ieclillatioll oftlies])acccraft

w= tllc rotaiion ratcofthccarl]l

rl~ = fhc rigltt ascmlsion oft]lc s u u

7’* , A. z tllc sJ)i]l radius  and lollp;itrldc  of tll[ station.

‘J’lllls,tllcsigllalsccll attllcst  atiollrc])rcscllts tllcsllltlo  ftllegc  oc~)ltricvt' l()cityclf  tllcsl)acccrafl anclsllorttcrIu
sinusoida l  variatio)ls due to tlIc rotation of tllc l’}arth.  ‘1’IIc alllpliluclcof tllc sii]usc)idal  variation is prol)ortiolla]
to tllc cosillc of tllc dccli]latioll  of tllc sl)acccraft, and its phase itlcludes  illfbrlnatioll al)out the right asccrlsioll.
Now,  iftllcs igllalsrcccivrxl silll~lltallco(  lslyattw ostatiollsarccli fl~:rc~lcccl, tllcg({)celltric rallgcratc dro])so~ltof
tllccc]llatic]llal lclolllytl l(:]~crio(lic.var  iatiollsarclcft. ‘I’llis i]t~])lics tllatclifrcrcIlc  (!(l l)o~)])lcr  data arciucal)ah]cof
direct ly  IIlcasurillgtllc ra]lgcof tllc s])accc.raft, l)ut call  better resolve its regular ]msiiioll tllall tlIc  utldiffcrcllccd
d a t a .  III addi t ion ,  f,lIc difrcrc}lccd  data arc llcarly irlse]lsitivc to sltort tcrllt variatioJ)s  in tllc v e l o c i t y ,  s u c h  a s
tllosc duc toshort  t<]lrustcr  firiugs.

lfcqII. (1)  is ]Iow  illtcgratcd over tlIc in terval  fro]}] to tot, tlIc fc)llowillg;cx})rcssi(~ll  for the l)o])plcr])llasc is
ol)taillcd:

@t- h=. f!r’((’t- Pto)/~ (3)

wllcri’

p c tl]c topocclitr-ic rangcofthc  spacccrilft attiincsi rIIId to, a u d

$+ ,. the lncasurcd ~~liascofthc carricrsip;rialat Ii]ucsi al]d  /0.

‘J’]llls, t]lc])llasco  ftllcrcccivc(] carricr si[;tla]  atagivell til]lcl tlcasllrcst ]lcc}larlg('il  ]rallgcfr olrlt]lclJr cviollstilllc.
Attllcl)  cgillllilrgof  tllc]~a  ss,illcrcwill l)ca~l[lrlkllowIl l)iasrc])rfsclltillgt lrci]litialr ailgctot llcs  I)acccraft. A u
allalyiical a])]) roxiluatioll for tllc diflcrc]lcc of two raugc mcasur(lncuts lcccivcd sirt]ultallcous]y  at two s ta t ions
can  I)cwrittcll ill tcrrusofthc I)asclincvcctor I)ct,wccn ihcllI a s  [2]:

where

1’]$ =- bascliuc colII])cnlcllt  rlorl]lal t,c, tltc IJ;artll’s  s)~ilr a x i s

2]{ = bascliuc C.OIIIJ)OUCll~  l,arallcl tr, l;artlr’s s],ill  a x i s

[Y,, z- tllc baseline rig}lt  asccllsic)n

Q= tl)c sl)acccraft rigl]t riscc~lsion

6 = the s~)ac.cc.raft dccliuat i o n .



OIIce  agail], it calI be scclI that, Cliflcrcmcill.g tllc clata rcmovcs direct  inforlnat iol] al)outl  the  radia l  distaum to tlIc
s])acccraf( and tlIc result is given in tlerltw of its angular ]Jositioll.

A l l  d a t a  used  ill t h i s  analysis w e r e  assulncd  to I)c obtainccl at X-barld Ircquc]lcics ( 7 . 2 - 8 . 4  GIIz). ‘1’IIc
diffcrcl)ccd data tyl)cs were take]) when tlIc sl)acccraft was visil)l( simulta~lcously  fro~[l two I)SN stations above
all clcvat)ioll  culoff o f  15 dc,grccs. ‘J’llis resulted in over]al)s of rc)ug}lly four IIours  ill lcIIgth  occurring over the
C;c)l{lstollc-Ma(lri{l  aIId Goldstonc Callbcrra I)asclillcs tllrouglloll[ the d a t a  t i r e . No d a t a  over  the Canhcrra-

Madrid Imsclillc  could bc ol)taillccl.
l)at,a scllcdulillg  was set, as follows. Single  statio)l one-way data were talicII during every otl]cr ])ass  at all

t}lrcc  INN sites, star~illg  at (JIC bcgillllitlg  of t}lc M a r s  l’atJ)find{r t,rajcc{ory (January 3, 1 9 9 7 )  a u d  clldillg at
tlIc clata cutoff 011 JUIIC 19, 1997. ‘J’llis results ill roug]lly 14,000 ~)oints  (at 10 IIliuut,c  i]ltcrvals). ‘J’wo-stat,iou
difrcrcnccd data was sclIcdulcd at every overlap uilt,il t,llc data cutoff date, rcsultil[g ill a])])roxi~natcly  6000  l)oint,s.
‘1’]~c assull~cd  noise  ]CVC]S  used  w e r e  0.1 and ).0 cycles for p]lasc data, and 0.05  and 0.5 IIIJn/S  for t,hc l)o])plcr
data.

IV Orbit  Determination Error Analysis

orbit dctcrll]i]lation is Colll])oscd  of scvcra] stclw:  gcllcrat im] of a r(fcrcucc trajcc(ory, coln])ution of obscrvationa]
]Jart,ial  dcrivat,ivcs wit,]] rcsl)cct to tlIc rcfcrcucc t r a j e c t o r y ,  a~lcl c o r r e c t i o n  o f  LIIC t r a j e c t o r y  and error IIIOCIC1
l)aralnctcrs using au cstilnat,ioll  alg;oritllln, or filter. ‘J’]Ic associatc<l  error covariancc  of the estimated ]Jaramctcrs
is also obtained as part,  of tl]is ~)roccdurc.  ‘J’IIC error covariallcc  analysis \vas  ]wrforlllcd using a lnodificd version
of J1’1,’s 1)1’’J’li,AJ/0l)l’ sof tware  cal led M1l{AGII; [3], hfl  RAGll offcu-s  au illl~)r(wcll)cllt  over t]lc 01)1)  ill tltat
it is ca])al)lc of ]]todclli]lg Iji]l]c varying  stocl]astic I)aralnctcrs wllicll  have difl’clcllt “l)atcll” lcngtlIs, that is, tilne
St,clxj over wllicll  t,l Ic I)aralllct,crs arc ])icccwjse  co)lt,illuous.

III o r d e r  to obtail]  a  real is t ic  cstilnatc of I,lIc covariwlcc,  the dyllan]ic  f o r c e s  afl’ccting  iJIc s})acccraft and
tlIc error  sources  aflkcti)lg tlIc data IIIUSt bc moclcl]ed  l)~opcrly.  A detailed analysis of tllcsc r[loclel ])aranlctcrs

z. t])( res~)]t,s ~i]] l>c sur]tlnarizccl here .  111 tllc filterlIas  already IWCII ~)crfor]llcd  for tlw Mars I)athfilldcr ll)ission ,
lnodc], all known  dyllaltlic l)araltlctcrs and significant, l)opl)lcr error sourc.cs  arc III(Idcllcd  and explicitly cstilnatcd.
‘1’IIc dyllalllic ])aralllctcrs illcludcd  t,hc sl)acccraft siatc (I)ositiou and veloci ty) ,  cocflicicllts f o r  s o l a r  r a d i a t i o n
~)rcssurc,  ra]ldolll  IIoll-gravitatiollal accclcrat,iolls, a]lcl sl)acccraft, lnalicuvci-s.  ‘J’IIc soJar radiatio Ii p r e s s u r e  and
ralldolll accclcratiolls cacll  IIavc  tllrcc colt]~)ollcllt,s: a  ra(lial OIIC aloIlg  tltc cart,lllil]c and two c r o s s  lillc-of-sight
OIICS  which arc lnutually ortllogo~la]  to tlIc radial dircct,i(~l). ‘J’hcst arc ]nodcllcd as stochastic Gaussian co]orcd
IIoisc  l)aralllctcrs, that is, all cstilllate is IIladc for tllc partrlnct,crs wit]lill  cacll  lJtitclI,  and tllcir v a l u e s  froltl OIIC
I)atcll  to allotl]cr a r c  s t a t i s t i c a l l y  c o r r e l a t e d  wit]l  a charactcristi( dccorrelat iol, tilllc inl)ut t)y tllc user. ‘1’lIc
solar radiatiol] ])rcssurc cocflicimts vary slowly over tlIc course oft lIc missioIl as tlIc reflectivity of tllc s])acecraft
cllallgcs so tllc dccorrclatioll tilnc of tJIcsc  ])aralllctcrs was  set to (;O days. ‘1’lIc ullccrtail~tics  arc  r o u g h l y  5%1 o f
tllc IIolllillal va]ucs of tllc cocflicicllts. Stochastic accclcrat iorls arc l,ccded to IIIOCIC1  slllall tllrustcr firings, suclI as

tlIosc used for attitude u~)datcs. ‘1’IIc sim slid frcqucllcy of ll~csc firings results ill accr]cratiolls  with dccorrclatioll
tiltlcs of 5 to 6  days  and al] rills IIlagt]itudc  of al)out,  2X10--12 liIn/S2  in the radi:il dircc.tion  and Ix IO-]2 krn/s2
ill tllc c.cosstrack  dircctiolls. S1jacccraft lnallcuvcrs a r c  dctcrvnitlistic  ill IIaturc all(l,  ill gcl]cral, call  bc IIlodcl  Icd
as ittt])u]sivc ve loc i ty  cliallgcs ])laccd  at tltc midpoin t  o f  tlIc  IIlail(uvcr tilnc. I;xl]cricncc  on I)rcvious lnissions
l~as slIowII tJIai tllc IIlal,cuvcr lnaguitudc=  c.aII l)c coIItIollcd to around 1% a c c u r a c y , s o  tllc a-])riori unccrtai]lty

ill tlIc  ]))a]lcuvcr  l)araltlcttcrs was set, to l% of tlIc  cxpcctcd size of the AV for each ]oidcoursc Illancuver. N o
constraints were l)laccd 011 tllc dircctiorl. ‘1’ab]c 1 su]nlnarizcs all of tJIc statistical values used in tllc filter.

l;rror sources wllicll  affect tllc data inc]udc ]ncdia calil)ration CI rors (wet a]ld  (Iry t ro])osp]lerc, day and uight
io]lc)s})llcrc),  solar l)lasltla cflccts, II;art,ll ])lal,for]ll  ca l ibra t ion crron. (statiou location ill c.ylil)clrical  c o o r d i n a t e s ,
J)OIC locat,ioll  ill cart,  esiall x allcl y coordjllates), and ];art,h ro ta t ion  (u’l’C). ‘1’IIc dc]ays in t,lle signal caused l)y it,s
I)at,ll tJlrougll tllc Lro])osl)llcrc  a]lcl iollos})llcrc  arc II IOCJCII<CJ, but eI rors  s t i l l  rmllaill.  (hlrrclltly, the troposp]lcrc

]nodc]  is good to 5 CJII a]ld  the iollosphcrc  to 3 cm [4]. ‘1’}Ic.  errors vary at a relatively hig]l  frequency, altd so the
clcc.orrclatiotl  tilllc is set to a fcw IIours,  ‘J’lIc station locat io]l set arid  its associa ted ullccrtailltics arc the 1)11; 234

coordillatm dcvclolwd for usc  l)y the hfars Ot)scrvm ( M ( ) )  lnisssio]). 3 ‘1’}Ic  statiolt l o c a t i o n  ullccrlaintics w e r e

2 S .  W .  ‘J’l IurII)aII~  orbit l)cterj[lirlatio~l  l,’i JtcJ allcl Mode]  irig Assulill)timl,. for MRS(lIt I’atttfilldcr Guidalicc and  Navigation],
Allalysis,”’JI’1,-  10M  314.3-1075, oclobcr  15, 1993
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modificxl  to a])l)roxilnatcly ac.coulli  for ~Jrcccssioll  and IIutatjioll  IIlotlcllin.g  errors as well. ‘1’IIcx+c values arc assulncc]

fixccl for tlIc duration of tlIc l’athfindcr  trajectory. ‘1’lIc ])olar nlf~tion  and (1’]’( ~ var ia t ions  can  I)c ])rcdictcd by

tlIc I)SN  to a ICVC1 o f  a round  10  to 15 CIII, aad they vary  oI~ the t,rdcr 1 to 2 days. ‘1’IIc a-~)riori  ul]ccrtaintics o f
tllcsc error IIlodcl  })araltlctcrs, along wit]l  tllcir characteristic dcc~,rrclatic)ll  tillic if tllcy arc stochastic variables,
arc  a lso SIIOWII ill ‘J’al)lc 1. OIIC ]millt to note is that ihc hfars c])llclllcris utlccrtairlties were riot  inc luded  ill tlIc
filter. ‘J’llis was done so that t,lIc coln})utcd  dis])crsions Ieflcct oIIly tllc stmlgtlls and weaknesses  of  tlIc data it)
dctcrtnilli]lg tlIc sl)acccraft trajectory.

WIICII  o)lc-way  l)ol)~)lcr  data  arc  used, scvera] a d d i t  iollal  CI ror  s o u r c e s  IIlust  also he takml into account.

l~or sillglc sk-it,ioll data, tlIc largest error source is tllc f requency drift of tlIc s~~acccrafl  oscillator. l}ltra Stal)lc
Oscillators of tllc class USCCI  by the Galileo a~ld hlars Ol)scrvcr s])accxraft are cx])cctcd to bc stable to around 1
]~art in 10]2 over time spans of aroul]d a clay. Ovcr lo]qyr ti~ne  spans, however, tlIc frequency will wander  ant]
ll]ust I)c Illodc]lcd. ‘J’l Ic IIlctllod used to II]odc]  this error source is to treat tllc l)ias as a ralldolll  walk paralllctci-.
Qualit ativcly,  tlIc ralldolll walk Inoclc] allows tllc l)ara~nctcr to IIIOVC away fro)) I its value at the previous hat,ch
tilnc stc])  by all allloullt collstrailiccl by its givcll  a-priori unccrtaility. It diflkrs  frolll a Gaussial)  wllitc  or  colored
]Ioisc  stocllast,ic ])ara~llctcr ill that tlIc ~)aramctcr dots ~lot siln])ly  osci l la te  around its ~llcan Valucl  l)ut is allowccl
to waitdcr  frolll OIIC ti]llc stc])  to  tlhc aext).  ‘1’llis lnodcl w a s  alsc~ intcnldcd  to al)])roxilnatcly accou]lt f o r  s o l a r
])lasltta fluctuatiollsj w]licll  illduc.c  f r e q u e n c y  variatiol)s OII tlIc (Irdcr  of 1 })art ill 1 0 ’4 o v e r  OIIC day .  For  th i s
siudy, a fi~irly IIjodcst stal)ility of 1 ])art it] 10$’ over  t,lIc course of a day was  awu IIIcd to be t h e  n o m i n a l .  ‘1’IIc
value for tllc oscillator I)ias  is u])datcd cscry ]Iour,  and i~s a-priori sigll]a corrcs]~ollds  to tllc cha~lge ill freclumlc.y
over all hour cxpcctcd for the given  stal)ility.

‘1’lIC one-way l)o])l)lcr ~)llasc forlnulation rwquircs  six additional parall]ct,crs  ill tlIc csti]natc list. ]’hasc data is
IIlcasurcd by counting t,lIc illtcgcr  number c)f zero crossings of tlIc signal; a resolver tlIcn  dctcrlnillcs ihc fractional
])ort,io}l o f  tllc l~llasc at a  given  ti]tlc. IIlitially, llowcvcr, there \vill bc all altlbiguity ill the IIulnbcr of  cycles  i t

took for tlIc signal to reach tlIc groulldj  and the plIase wlIcm the rcccivcr locks onto the sigtlal.  ‘1’o account ,  for
t h i s ,  a  }) IIRSC l)ias at all tllrcc IX3N stations is illcludccl  ill tllc filicr. ‘J’lIc a-l)riori ullc.crtaillty  of tlIc  l)i.ss is set

to 1000 cycles (cssmltially  illfillity), and tllc parameter is reset at tlIc bcp;illllitl~, of cacll  ])ass.  Also, during data
ac.quisitiml, tlIc stat,io)l  clocks llavc sltlall drifts re la t ive  to a tirnc sta~ldald  wllic]l  cause tlIc l)llasc c.oullt to drift
as well. ‘1’lIc drift is calil)ratcd at tlIc static)m using clata froltl tlic Global l’ositiolliIlg  Systcln, but, residual errors
rclllain. ‘J’IIc IIlagllitudc wit]l  wllic.11  tllc drift IIlatlifcsts  ilsclf ia tllc ])llasc  cou]lt is a}]out  Gx10-4  cycles/see, so a
])llasc  drift ~)aralnct,er  wit]]  this value for the a-])riori utlccrtaint) is also included ill tlIe filter. OIIcc  again, tile
~)aral]lctcr is reset at tllc bcginllillg  of cacll  ])ass.

‘1’IIc ]Jrilnary advantage of using diffcrcnced data is that tllc s])acccratl oscillator drift is effectively callcclled
out, WIICII 1,1 IC sillglc st,atioll l)o~)~)lcr d a t a  a r c  diffcrc~lccd, tlIus rcmovil]g a II)ajor e r r o r  sourc.c.  }Iowcver,  all
additiol)al error source will a])r)car:  tlIc asynchrol)icity of tllc clocks at (lIC two rcccivillg slatiolls. Currently, tllc
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‘J’al)lc 2: A-priori 1 a llllcmtai]itics of OIIeway Mcasurc~lle~lt  J;rror l’ar.wtlctcrs
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l)ifl’crcll~ccl  l-way l’base
l)ifrcrcnccd l-way l)ol,~,lcr

l)iffcrc]lcc;l l-way l)o])])lcr
I)ifrcrmlc.cd  1-way 1 ‘I)asc

+ l-way l’llase
l)iflmv]ccd l-way }’hm

+- l-way l’hasc
l)ifrcrcl]ced l-way l)o})l,lcr
+ l-way l)op~)]cr
l)iffcrcncml l-way l)oJ)~ilcr
+- l-way l)o~)])lcr
l)ifTc~;llccd  l-w;y l’hasc
+ 2-way l)o])plcr
l)ifrcrclic&l l-way l)o])])lcr

-i 2-way l)op])lcr
2-way l)o~)l)lcr

{aclial-’l’ra)lsw
“I)ata Wcip,ht

‘-ti.05 111111/=

2.0111
[).1 cyclcs”-

1.0 Cyc.lcs-
().05 mm/s=

0.5 111111/S

0.1 Cyclm
0.1 Cyclv.
1.0 Cyclch
1.0 Cycle>

0.05 111111/s

0.05 mnl/s

0.5 lmn/s
0.5 m m / s

0.1  Cycles
0.05 111111/s

0.05 lJIIll/S–

0.05 111111/s

0:05  Hml/s=

,c-Norlllal (}oordillai
o(lW~xN) (km)

3.5) -X:6,4 x 7.2

360.9  x 203 x 11.6

476.8  x ~+.9 x 12.1
42K5 X-$3.7 x 1].3

1307.0 ~ 63.3 x l!).t
66:4 X-10.8  X-11.5

68.7”x -12.1 x 12.1

76.9X 12.7X  11.1”

254.1 ~ 33.7 x 18.7

6:7 x 8,3 X”]].]

6:8 x 8.4 x 10:6

clocks arc calibrated to al)outl  (IIC 5 IIscc level (based on cxalliitlati{nl  of l’rcqucllcy and ‘J’ilnil~g Standarcl rcl)orts
distribut, cd weekly by tlIc I)SN) betwccl) cac}l pair of stat,  ions. ‘1’lIus, a  para?llctcr which  rcJ);cscnts  this t;lniag
IIlislnatcll is added to tllc filter cstilllatc list. III addi t ion ,  tlic difl’crcllccd  ])lIasc  data still requires  paramct,crs
to Inodc]  tlIc p]lasc bias altd clrifl, whiclt, i]) this case, a]c e r r o r s  in ihc differcnccd ])liasc  Incasure]ncnt, CIUC to
relative clock drifts l)ctwcml  the two station ]Jairs. ‘J’lIc Illagllitu<lcs of tl]c u)]ccrtaillties arc kcl)t tlic sa~nc a s
hcforc. All ollc-way IIlcasurcltlcllt error paraltict,crs and ullccrtaintics arc salnlnarixcd i?) ‘J’able 2.

V Results

Altllougl] IIorltlally ilic r e s u l t s  o f  a  covariallce  a)ialysis  or all int{rl)la~~ciary  trajcctc)ry a r c  givcm ill icrlns o f
cl]coulltcr  coordi]latcs, tllc so-called 11-])lallc systcr)l, it is IIlorc  il]stl uc.tivc in this c.asc to ~)rcsent  the ullccrtaintics

ill radial- trallsvcrsc-llorll lal (IVJ’N) coordillatcs. II) IU1’N cm,rdi~latcs, tllc raclial d i r e c t i o n  i s  alo~tg the l;artll-
sl)ac.ccraft vcc(or, tl]c tral]svcrsc direction is ill tJIc ])lanc defined lIy tllc radius and tllc velocity vector, a]ld  the
IIorlna] dircctlioll  is l)c.r}~cllclic.~]lzir to botlll foniling an orlltogona]  t riad. WIICII v iewed ill this fraitic, it is easier
to scc ill w]licll  clircctioll tlIc var ious  da ta  ty])cs l]avc  tllcir grcatcsl strcngt]l.

‘J’al)lc 3 SIIOWS t,l~c rcsull,s of t,lIc covariallcc  analysis in IU1’N coordinat,cs for all corlll)inatiolls  of data t,ricd  thus
far. ‘1’IIc first ClCIIICIIt  ill tllc table is a “nolnirlal’)  result, usitlg a starlclard trackitlg SCIINIIIIC  for l’athfillder w]licll
il~cludcs  standard two-way l)o])l)lcr and rallgc. I t  can  bc s e e n  t h a t  tllc raclial u]lccr(aillty is best dctcrlninccl,
wit])  tllc c r o s s  lillc-of-sigllt  direct,  ions bcitlg IIlargillally  worm witli a Inaxi]l)ulo Iltlccrt,  ainty of  7 .2  ktn. ‘1’IICSC
results WIICII II Ia])~)ccl  to the M a r s  1{-l)lallc  arc sufric.icnt, to IIlcct  tllc rcquircmcllts  of l’atllfindcr.

‘J’he SCCOIIC1 and t h i r d  cllt,rics  ill tllc tal)lc w e r e  ol,tained usin{,; on]y  OIIC- \vay j)llasc d a t a ,  wcig]ltcd at 0.1
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and 1.0 c.yclcs, rmlmtivcly. ‘1’]Ic resul t  c lear ly  SIIOWS tlIc  aljility (If tlIc cliffcmnt  ial da$a  type to dctcr]nine the

angular I)ositioll of tlllc s])acccraft as seen from t,lIc l’}artll. Using a data wcigllt o,f 0.1 cy~&, the vorlna] dircctioIl

is  dctcrlnillcd (,o 1 1 . 6  kIII, wllicll  colnr)arcs f a i r l y  w e l l  with tllc 7.2 k]n rcsu]t ~llsi]]g f)o~plcr,and raljgc. ‘J’he ‘j

ullccrtaint,y  ill t,hc trallsvcvsc dircctiol~  d o e s  not, c.olllpare  quite as WCI1, s h o u t  a  factor of t,llrcp’’’tilncs w o r s e  than
tllc nolnilial, lJU1 is still at a rcasollal)lc  lnagllitudc. ‘J’hc r a d i a l  dircc.tioll  ho}vcvcr,  is vcr~’’])oorly  dctcrnlillecl,

w i t h  tlIe ullccrtaillty usilig difl’crcvlccd ])lIMC data being al)out two orders of IIlagllitudc w6rsc  than LIIC  standard
case .  (;llal]gillg  ilIc data wcigllt,  froln 0.1 to 1 .0  cycles  lIas little cfrcc.t ill tlIc  trallsvcrsc and ~lorlnal  clircctiolls,
I)u1 dcgriides tlIc radial sigtlla  by a round  30%.

l“or c.oln]~arisol],  tllc u)lcertaintics  using diflcrcnccd one-way data  formulated  as  IJo])])lcr  frcquc])cy lncasurc-
II ICIItS were also cxalnil)cd (clltrics 4 and 5 in ‘J’al)lc 3). ‘J’IIc i-csults  arc fairly silnilar to tllosc of diffcrcnccd phase
da(a iII h t ransverse  attcl normal  d i rec t ions  whcm the ti:;ldcr data wcighi  was u s e d  on tllc cliffcrcnccd  l)ol)plcr.
Wit]! tlIc dala wcig,l]tcd  at 0.5  111111/s ,  IIowcwcr, tlIc nul]ll)crs a r c  dcgraclcd  coljsitlcral~ly,  csl)ccially ill tlIc r a d i a l

dircctioll.
l)uc to its illal)ility to cflkctivcly disc.crll  tllc range t o  the sl)acccrafl, it is ]li F,ll]y  unlikely that one-way

difrcrcmccd  data alollc would bc sufficient to satisfy the navigation rcquii-c]ncllts of any realistic missions. It
is  dcsiral)lc  tllcrcfore to augtllc)lt,  t,llc diffcrcnced data wit]]  a n o t h e r  d a t a  tylw, tlIc  obvious choice hcil]g  single

s ta t ion  ollc-way data. l’;ntlrics (i al)d  7 in ‘J’able 3 slIow tlIc rcsu]ts of colnl)inillg  o]lc-way  phase with cliflcrcncecl
]Jllasc  at tllc two data wcigllts. ‘J’lIe effect is quite drainatic in tlIc radial dircctio)), wit}] tlic ullccrtaillt,y  b rought ,
dowII fro]]] 360.9  a]ld  476.8 kt]t to 66.4 and 6 8 . 7  k m . ‘J’llis is still over an order of lllag~litudc lar.gcr  tl]all tlIc

]Iolnilla]  case, I)ut it is IIOW at a ICVCI wllicll  could satisfy lnissioll rcquirc]llcllts. III tllc t ransverse  d i rect ion,  tlIc
ullcm-tailltics  were brougl)t dowII to very near the values of the Ilominal. ‘1’IIC additimlal  data had almost 110

cffcci ill tllc llorl]lal dircctio]l. It is illtcrcsting to n o t e  that wit])  (lie  additiottal data, tllc data wci,gtlt IIladc very

]ittlc diffcrcllcc iri tllc fiilal  rcsultls.
‘J’IIc salllc cflcct is SCCII WIICII ollc-way l)o])pler data is added to diffcrcnccd ollc-way l)o])pler at the tight,  da ta

wcig]lt  (clltry 8 of ‘J’al)lc 3). ‘J’lIc uncertainty values in t hc t raus}  crsc and nornla] directions arc. are’”n&v fairly /’,
C 1 O S C  to tllosc ol)tai])cd with tllc ~)lla.sc data, and tllc radial sigllla is on]y  worse I)y around 1 5%. ‘1’hc c.asc with i

LIIC  lower data wcigllt (clltry 9 of ‘J’ahlc 3), IIowcvcrj does not, show siinilar l]cllavior.  ‘J’hc radial sigma has been
I)rought,  dowII by all order of ~]la,gnitude,  but its value is still too large to bc of usc ill lnany ~nissio]ls.

l;ntrics 10 and 11 ill ‘J’al)lc 3 snow tllc results of using diflcrmlcccl  ~jllasc and 1 k)J)~)lcr aug]nc~l(cd  by standard
two-way l)ol)l)lcr data at a rate of olm l~ass ])cr week. ‘1’his result is included to sIIOW what to cx])cct if a s~)acccraft
IIas a trallsl)olldcr olll)oard hut, wit]]  n o  ranging ca})al)ility.  ‘1’lICSI values  illdicatc that IIavigation  pcrforlnanc.c
is olIly  sligl]tly degraded i f  two-way rallgc is rc])laccd by tllc diff(rcrlc.cd  oIIc-way  data tyl)cs. Coln})ariso]l  w i t h
tllc final clltry ill tllc tal)lc ( 2 - w a y  IJoljplm oIIly)  slIows  that tllc (Iiflcrmlccd data  ty[)c itnr)rovcs  tlIc so lu t ion  by
a factor of two in all tllrcc coltl])ollcllts.

‘1’IIc rmults so far using one-way data assulnc a s])acccraft oscillator stal)ility of orIc ill 109 over the course of a
day. ‘J’lIc qucst,ioll  can tllcll bc raised as to how a better or worse oscillator w(IuI(I afkc.t the ort~it clctcrlninatiol)
accuracies .  ‘1’lIc  cfl”cc.t  would LC ncg;ligiblc if only the difl’crcnccd  dala  t,yl)cs were U S C(I, but it will ]nakc a diffcrcncc
WIICII si]lglc station data is added. l~igurc  2 and 1+’igurc  3 present tlic results WII(II tllc oscillator stability varies
froln OIIC ~)art ill 1 07  to onc  in 1 01 4 over  OIIC day for the diffcrcll(  ccl ])llasc  ]JIUS I)llasc,  and diffcrc~lccd  l)opplcr
])Ius l)o~)])lcr  cases, rcs~)cctivcly.  IU botl) c.ascs, tllc ti.glltcr  data weight was assuttlcd. As can be seen from t,hcsc
l~lot,s, tllcrc is a snarl) kllcc  in tlIc c u r v e  w]lich  takes  l,lacc a t  a round the 101(’ va lue  in the radia l  directiol]s

f o r  both ])llasc  and l)opp]cr. ‘1’lIc transverse allcl norllial siglna% change very little as a function of oscillator
st, al)ilit,y.  At, a stability lCVCI of 1012, the ])llasc  for]nulation case is IIOW quit,c  co]ll])ara})]c  irl all tllrcc coInpoI]cnts

to tllc standard two-way l)o~t])lcr  and rallgc results, and t hc l)ol)]~lcr  for] llulatioll  is oIIly slightly worse. l<’urther
im]~rovemcl)ts  in stal)ility d o  not, SCCII1  to lnake muclI  difrcrcncc. ‘J’his im~)lics  that a s])acccraft carrying a 11S0
of tllc class used I)y (lalilco or Mars Olncrvcr  can concciva}jly  a])])roacll  tllc navigation) accuracies acllicvcd with
two-way data tyl)cs.

A]lotllcr useful figure of IIlcrit is tlIc arl]oulit of single station ollc-way data cIIII)loycd. ‘1’lIc nolninal results

arc based 011 a deIIse  tracking scl Icdulc of using every otllcr avail ab]c ])aw. l“igurcs 4 and 5 present the results

if tllc altloullt of sill.glc station data is rcduccd to OIIC IMSS  ])cr clay, one ])ass  I)CI Week, and OIIC pass per Inonth
(tlIc diffcrcnccd data arc assumed to rc~llain  at tllc IIomitla]  sc.llcdIIlc,  and tllc tight data wcigllt was used). Once
again, it call  l)c scclI that tllc transverse and nortllal siglllas arc affected very little. ‘JIIc radial siglnas, however,
SIIOW  sll~all c.l IaIIgcs  WIICII tllc dfita is t}lillncd  to OIICC l)cr  day ,  :tnd thc]l  a lnarkcd d e g r a d a t i o n  wlIcn  t h i n n e d
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furtl)cr, ‘1’IIc  cfrcct is more ]Jro]lounccd  iII t,hc case of the diflimn]cccl  j)liasc l)op],]cr for]nu]atio]l, with the radia l
sig]na dro])])illg  frmll its IIol)liual  value of arouud 80 klu  to a worst c.asc of IIcarly  200 krll.  ‘1’lIc I)hase  forlllulatio~l
d o t s  IIOt Sllffh  as II IUCII,  as tlIc drcrcasc is oIIly frmn 65 (0 120 kIII.

VI Conclusions

‘J’lIc mutts of tl]is study suggest  that a comhinatiori of siuglc station aud (aw-st atimt cliffcrcnccd  o n e - w a y  data
tylvx JIIay lW a rcalislic ol)t,ioIl f o r  so]nc intcr])larletary I]lissions. ‘1’l]is Illay  I)c smllcwhat surlJrisiIlg bccausc it
h a s  loJIg l)cmI assul IIcd that a very  st,ablc frcqucvicy  is lteccled  to r e n d e r  ollc- w a y  data usat)lc. IIowcver, it l]as
hc!cJI S] JOWJI  llcrc t]lat wit]J  a  Jnodcst o s c i l l a t o r ,  rcasoJla])]c  rcsu]ts call t)c ol)taillcd  by coJJ)biJlilig  d a t a  which

IIavc diffmcv)t  s(rmlgths and with the ])rol,cr lllatllc~natical for~nlllation of tlIe  data aud filter. IJ1 ])articu]ar, the
cstiInation of the sl)accc.raft’s angular position iIl the sky  c.aIl b( nearly as good as with standard data types ,
although  t]Jc s})acccraft’s r a d i a l  positioIl is rclativc]y pcmr]y  dctcrmiued. If a icry good oscillator (stability of
OIIC ])arl ill 10]2 over a day, or better) is avai]a])]c, t]lcn  t]]c  accuracy iIl all t]lrce coInponcnts Inay a])]) roach
those  ol~taillcd  wit]]  standard navigation data tyl)cs. OIIC poiIlt to note, thoug}I,  is that tlIc oscillator sta})ilitics

w e r e  Iucasurcd over a day. l“or a nonco]lcrcmt  systcJII  to be conf ident ly  U S C(1 WOUIC]  require prc-flight testing of
t]Ic  oscillator over t,]Icsc tiinc ])criods; solnct]liug which ]Ias JIOt bccJl .gcIlcral]y  doIlc  iu t]]c ljast. Also, the rcsu]ts
illdicatc t]lat i]Ic  ~)llasc forInulation of ])o])l)]cr  data is supcricm  iIl SOIIIC respects tc) t]lc diffcrcuccd ])hasc l)op])]cr
forlnulation iIl tcrvns of IIavi,gation  accllracic5, At the tight data ~vcigllts aud with good  data coverage, t}Ie values
arc colll])arahlc, hut, tlIc ])llasc  data #IO\V,4;lCSS scusitivity to dccr~>asing data weights or coverage.

III ])rac.ticc,  tllc clloicc  of using ~lon-cchcrc)~t  data tyl)cs f o r  n a v i g a t i o n  dc]ImIds  ou the p a r t i c u l a r  ]Jlissiol]
sccIlario aIld  its rcquircItlcnts. IJI t]lc’’casc of the Mars ]’athfiIldcr  Inission, t]lc gcolnctry of the trajectory is such
that tlIc r a d i a l  u n c e r t a i n t y  ma]m  allnostl  coInl)lctcly into tllc tiljlc-of-fliglit  (Ii] cctiou (paral le l  to t,llc iucoIning
asy]tll]totc of tllc trajectory) i]) tl)r Mars II-plane. Since the critit al rcquirclncntj  is to Inaintain  the proper entry
allglc (dctcrlnil)cd hy tllc COlll])OllCJltS  per])  cndicu]ar to t]Ic i]lconlirlg asyntptotc), t]tc degradat ion  irt lwrforInaucc
is IIot  scvcrc. lbr cxaltl])]c, if t]lc cvltirc  I;arth-Mars trallsfcr were  n a v i g a t e d  Ilsillg  OJlly diffcrc~lccd  ant] single
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station ollc-way l)llasc, tllc prolml)ilitjy  of successful cmtry  is still approxilnatc]y  70%4 (tllc ]Jrohabilitly  is over
99CX, usii]g  t,wo-way  l)ol,~)ler  d a t a ) .  ‘J’llis v a l u e  i s  o},viously i,oo  I(IW f o r  l)atltfilld~r  to use no~l-collercnt  d a t a  a s

i t s  basclillc, })ut,  it, is accc])tahlc as a I)acliul)  if the trallsI)olldcr f a i l s . If tile s])acccraft were to go into orb i t ,
IIowcvcr,  !l)c]]avigatic)])  accl]racics  [)sil]g)lo~]-co})crcl)t ditta]lliglli bc adcquatcj clc~,cmdirlgon  othcrfactorssuc.11
aspro])cllal]t, constraints, orl)it lt~ailltcl~allccr  ec]llirc~rlcl~ts,  etc. l’c)rlllissiollswllc~sc gcomct,ry  results in the radial
sigtllal)citlgof])rilt]ary il~lj)ortallcctllo~lgll,  thcswitcli to a nomcollcrcnt l~a~’igatic)llsystelll  Inay IIot bc advisal)le.

llltilt~atcly,tl  lctraclc-offl)c twrccll c.ostal~d] Jcrforllla~Iccl  ll(lstb cc\alllatcclol lalllissioll-by -~llissio~~tj  asis,alldllo
OIIC allswcr is a])~)lical)lc  to a l l  c a s e s .

A ckl~owl(:(lg[~ll]cllt  S

‘J’IIc autflor w o u l d  Iikc (o tl]allk Vincc l’olllncier, Salll  ‘J’llurll]art,  ancl l’ictcr Ka]lcvtlcyri  f o r  t]lcir valuablcsu.g-
gcstiol)s and iilsights for  th is  s tudy. A l s o ,  l’cter Wolff ’s  IIC1l) in using tllc NI1lLAG1;  software set is dcc])ly
aljI)rcciatcd.
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